DMD #11890
The heme-thiolate enzymes known as cytochromes P450 (P450s) are widely recognized for their role in the metabolism of drugs and other xenobiotics. One property that makes the P450s such versatile catalysts is their ability to generate reactive iron-oxygen species (reviewed in (Denisov et al., 2005) ). Water networks have long been proposed to act as proton shuttles that help the P450s generate various iron-oxygen intermediates during the catalytic cycle (Denisov et al., 2005) . Much of the evidence for the existence and role of water networks in P450 catalysis has come from the study of the bacterial P450s, such as P450 cam (CYP101A), for which the first P450 enzyme structure was determined (Poulos et al., 1985) . The position of the I-helix near the heme prosthetic group and the presence of a conserved threonine residue (Nelson and Strobel, 1989 ) near a solvated kink within this helix have prompted numerous studies aimed at describing the details of proton shuttling in P450. In particular, the biochemical (Gerber and Sligar, 1994; Imai et al., 1989) and crystallographic (Clark et al., 2006; Raag et al., 1991) characterization of I-helix mutant enzymes and the ability to trap their iron-dioxygen intermediates (Nagano and Poulos, 2005; Schlichting et al., 2000) with ordered water networks continues to reveal subtle enzyme conformational changes that appear critical in controlling water positioning.
In addition to being central in P450 catalysis, water is almost certain to affect enzyme stability, dynamics, and substrate binding. However, a substantial hurdle to studying waterprotein interactions, even beyond understanding their function, is that of identifying where water actually binds. Until recently, the location of waters or water binding residues in mammalian, microsomal P450s could only be inferred based on information derived from bacterial enzymes.
For instance, it has become apparent that the same highly conserved I-helix threonine residue studied in bacterial P450s is involved in several aspects of catalysis (Vaz, 2001 ) and the water-DMD #11890 mediated reversibility of covalent heme adducts (Blobaum, 2006) in the mammalian P450s 2E1 and 2B4. However, over the past few years crystallization of mammalian P450s by Williams and co-workers, Johnson, Stout and co-workers, and Halpert and co-workers have greatly added to our knowledge of the drug metabolizing P450 isoforms by reporting some of their structural features (Johnson and Stout, 2005) . There are currently sixteen crystal structures encompassing seven mammalian isoforms all with ordered waters, but no reports regarding the positions of these water molecules have been presented. This work describes an attempt to evaluate whether there may be conserved water molecules and/or water networks in the mammalian xenobiotic-metabolizing P450s. After globally aligning the P450 structures, the three-dimensional coordinates of all the crystallographic waters were analyzed by calculating the density of water clusters. Searches for nearby H-bonding polar backbone and sidechain partners for water clusters were also conducted and appeared to correlate with observed isoform differences in water binding sites. Seven welldefined water clusters in close proximity to the active site were identified. The possible roles of these water clusters in P450 structure and function are discussed based on these findings.

Materials and Methods
Hardware and software. All analyses were carried out on a Unix workstation using the Maestro (version 7.5) interface of Schrödinger (Schrödinger, LLC, New York, NY, 2006) and CNS version 1.1 (Brunger et al., 1998) . Water density maps and contouring were visualized with PyMOL version 0.99 (DeLano Scientific, San Carlos, CA, 2002) .
Alignment of P450 crystal structures. The following pdb files were obtained from the Protein Data Bank (http://www.rcsb.org) (Berman et al., 2000) : P450 cam (1DZ4) (Schlichting et al., 2000) , CYP2C9 (1OG2 and 1OG5) (Williams et al., 2003) , CYP2C5 (1N6B) (Wester et al., 2003a) , CYP2C5 (1NR6) (Wester et al., 2003b) , CYP2B4 (1PO5) (Scott et al., 2003) , P450 BM3 (1P0V) (Ost et al., 2003) , CYP2C8 (1PQ2) , CYP2C9 (1R9O) , CYP2B4 (1SUO) (Scott et al., 2004) , CYP3A4 (1TQN) , CYP3A4 (1W0E, 1W0F, and 1W0G) (Williams et al., 2004) , CYP2A6 (1Z10 and 1Z11) (Yano et al., 2005) , CYP2B4 (2BDM) (Zhao et al., 2006) , and CYP2D6 (2F9Q) (Rowland et al., 2006) , representing all of the currently deposited crystal structures of human and rabbit microsomal P450s. In addition, the model bacterial isoforms P450 cam (CYP101A1) and P450 BM3 (CYP102A1) were added for comparison. After trimming the pdb files of any extra polypeptide chains in the unit cell, the files were imported into Maestro with all of their assigned water oxygens. A global structure alignment performed using the Protein Alignment Tool also successfully translated the positions of all water oxygens allowing all coordinates to be updated and saved. The rmsd of the I-helix C α atoms between any two P450 structures did not exceed 2.01 Å, and averaged 0.99 Å betweeen all structures when the 2B4 structure, 2BDM, was excluded. Furthermore, the rmsd values between the heavy atoms of the heme groups averaged This article has not been copyedited and formatted. The final version may differ from this version. 0.96 Å without the 2BDM structure. At this point, the coordinates of the waters from all structures were added to a single pdb file for further analysis.
Water density peak calculation. The density of overlapping water oxygens was calculated exactly as described by Tanner and co-workers using the program CNS (Bottoms et al., 2006) . By allowing CNS to search for water clusters, record their coordinates, and assign a quantitative number describing their density, the identification of potential water binding sites remains objective since no previous knowledge is needed. Four CNS scripts were used to generate the "pseudo-electron density" map and water cluster density by using the theoretical reflections of the pdb file containing the water oxygens. A P1 lattice with unit cell angles of 90 degrees and unit cell lengths of 30 Å was used in the following analysis. The first three scripts (generate_easy.inp, model_fcalc.inp, and make_cv.inp) generate the necessary coordinate, topology, and cross-validated (10 % in the test set) reflection files for input into the fourth script, model_map, as described previously (Bottoms et al., 2006 ). Model_map.inp was then used with a uniform B-factor of 20 Å 2 for all water to output a list of coordinates for each water peak, which can be thought of as the average position of waters belonging to a single cluster. The CNS script also lists the density of the water peaks, and outputs a density map (2|F o |-|F c |).
Waters from an enzyme were classified as belonging to a specific water peak by using a cutoff distance of 2.0 Å between the water oxygen atom and calculated water peak. Potential Hbond donors and acceptors near the water peaks were manually identified using the polar group distance tool in PyMOL. The two angstrom cutoff was chosen because distances between water oxygens in the water network ranged from 2.03 to 2.10 Å based on the protein structure alignment. Therefore, the assignment of multiple water molecules to a single binding site was avoided. Furthermore, all but three of the waters from all seven water binding sites were less than 2.0 angstroms from their respective calculated water peaks. There were a total of 66 water molecules in the alignment (excluding I-helix waters bound to unique sites), which means any given water was correctly assigned to a particular water binding site 95 % of the time. In those rare cases where the water oxygen lies 2.0 angstroms beyond a water peak calculated from our alignment, an examination of the H-bonding partners confirms whether the water belongs to a conserved site, or whether it is unique.
Results and Discussion
The unbiased water cluster analysis method used here with the thirteen microsomal P450
and two bacterial P450 structures listed in Table 1 (Nagano and Poulos, 2005; Schlichting et al., 2000) was shown to be dependent on the presence of an oxygen ligand. Therefore, an oxygen ligand in mammalian enzymes may be necessary to draw any conclusions about proton relay in this region (Fig. 1a) . Furthermore, the bending of the I-helix controls the position of water so this most likely adds to the more dispersive water density found at water binding site 2 (Schlichting et al., 2000) . On the other hand, well-defined water clusters were discovered in two other regions of the data set, which largely reflects the mammalian 2 family of P450s. bound to the K-helix and loop between the K-helix and β1-4 strand. Another cluster in this region (site 7) lying slightly higher above the distal face of the heme is not part of the water network, but receives H-bonds from backbone groups in multiple loops near the C-terminus ( Fig.   1a and b) . Finally, a water binding site was found situated in the twisting C-terminal end of the B-C loop (site 1, Fig. 1b ) in four out of seven mammalian enzymes. Except for site 3, which Hbonds with a threonine one helical turn away from the conserved threonine position, the Hbonding partners of the waters were found to be primarily backbone amide and carbonyl groups.
Five of the enzymes included in the analysis, P450s 2C8, 2D6, 3A4, BM3, and cam, contained only a few of the waters clustered at sites 1-7 (Table 1) . For P450s 3A4, BM3, and cam, the absence of polar groups can account for the lack of crystallographic waters in most cases. Threonine and glutamine sidechains involved in water binding to site 3 are replaced with valine, leucine, and phenylalanine in these enzymes, and hence, would be predicted to disrupt the water network at sites 3 and 4. Additionally, the water at site 5 of P450s 3A4, BM3, and cam forms an H-bond with the enzyme directly rather than networking with another water, thereby eliminating site 6. P450s 3A4 and cam were the only two enzymes which had significantly different loop structures in the region where site 7 is proposed to exist in the P450 2 family enzymes, and no corresponding water was found at this site in these well-hydrated structures (Fig. 1c) . No water at site 1 in P450 3A4 is found, presumably because it contains an isoleucine instead of an asparate in the I-helix and because the position of the helix in the B-C loop allows it to form H-bonds with itself, decreasing the available space for a water to bind (Fig. 1d) .
Hence, isoforms lack particular water(s) when there is an unfavorable geometry of polar backbone groups or substitution of polar sidechains for hydrophobic sidechains. When water This article has not been copyedited and formatted. The final version may differ from this version. Conversely, very few waters were assigned throughout the P450 2C8 and 2D6 structures and it is speculated that this may be due to their lower resolution (> 2.8 Å) rather than a lack of water binding sites, since the positions and residues at most of the water binding sites are the same as the 2C and 2B isoforms. Water was also sparse in the lower resolution P450 3A4 structures reported by Williams and co-workers so these enzymes were excluded from the analysis (Williams et al., 2004) .
The locations of the non-I-helix waters may prove to be significant for several reasons.
First, site 5 appears to be conserved across species, though this might not be detected by sequence alignments since the H-bonding partners are either other waters or backbone groups of different residues (e.g. Pro or Thr). This region is also suspiciously close to two positions of naturally occurring P450 2C9 variants, 2C9.3 (I359L) and 2C9.5 (D360E), and might explain, in part, the altered kinetic parameters of these enzymes (Fig. 1a) (Dickmann et al., 2001) . For example, the D360 sidechain forms part of water binding site 6. Since the networked waters rely, to some degree, on each other, and because D360 also accepts an H-bond from the K'-helix, the seemingly conservative D360E substitution may produce changes in both the water network and tertiary structure of P450 2C9. Second, the location of a water binding site in the B-C loop (site 1) may enable a water to bind directly with substrate or help control the egress of metabolites out of the P450 because this glycine-rich region has been postulated to be flexible and adopt multiple conformations (Honma et al., 2005; Li et al., 2005; Wester et al., 2003b) . Third, like site 1, water binding site 7 is in a position where it could regulate the structure or stability of a loop (region This article has not been copyedited and formatted. The final version may differ from this version. between the two β3 strands) that a substrate would encounter if it enters the enzyme near the F-G loop region (Schleinkofer et al., 2005) .
It should be pointed out that this analysis was carried out with multiple structures of the same P450 isoform under varying conditions (e.g. alternate substrates) due to the limited number of mammalian P450 structures currently available. Because of this, the density of some water clusters is weighted toward the enzymes for which multiple structures were available. On the other hand, Table 1 demonstrates that some waters absent from one structure of an isoform are present in other structures of the same isoform. In these cases, such as with P450s 2A6 and 2C9, we can only speculate that the experimental conditions and or refinement altered the assignment of crystallographic waters. Given that the enzyme conformation and positions of nearby polar groups remain remarkably constant in these situations, such as in the two 2A6 structures (rmsd is 0.15 Å around the active site (Yano et al., 2005) ), the binding site most likely exists, but its occupancy was simply not detected. The presence of different substrates, remarkably, did not alter the site 1 or site 7 active site waters in P450s 2A6 or 2C9. Conversely, the differences in the P450 2B4 structures are all explained by differences in enzyme conformation and/or the presence of detergent molecules.
In conclusion, several hypotheses regarding the shuttling of protons within P450s have been reported (Nagano and Poulos, 2005; Oprea et al., 1997; Schlichting et al., 2000) . Here, seven distinct water clusters were found in close proximity to the active site of multiple microsomal P450s. Bacterial structures were also included in the alignment and water density calculation because most of the literature describing water binding sites originated from studies with these enzymes. In addition, the apparent overlap of water binding site 5 between the mammalian and bacterial enzymes suggest this previously unrecognized water has some This article has not been copyedited and formatted. The final version may differ from this version. Financial support from NIH Grant #GM063215 is gratefully acknowledged.
This article has not been copyedited and formatted. The final version may differ from this version. explains how a lack of polar sidechains and a different B'-helix structure does not allow P450 3A4 to bind water at this site. Waters aligned from all of the structures listed in Table 1 are shown as red spheres and the corresponding density map contoured at 5.0σ denotes distinct water binding sites. The heme group is shown in black. H-bonding partners of conserved waters are shown with the numbering of the corresponding enzyme; a complete list is available in Table   1 .
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